Here, the class I polyhydroxyalkanoate synthase (PhaC) from Ralstonia eutropha was investigated regarding the functionality of its conserved C-terminal region and its ability to tolerate translational fusions to its C terminus. MalE, the maltose binding protein, and green fluorescent protein (GFP) were considered reporter proteins to be translationally fused to the C terminus. Interestingly, PhaC remained active only when a linker was inserted between PhaC and MalE, whereas MalE was not functional. However, the extension of the PhaC N terminus by 458 amino acid residues was required to achieve a functionality of MalE. These data suggested a positive interaction of the extended N terminus with the C terminus. To assess whether a linker and/or N-terminal extension is generally required for a functional C-terminal fusion, GFP was fused to the C terminus of PhaC. Both fusion partners were active without the requirement of a linker and/or N-terminal extension. A further reporter protein, the immunoglobulin G binding ZZ domain of protein A, was translationally fused to the N terminus of the fusion protein PhaC-GFP and resulted in a tripartite fusion protein mediating the production of polyester granules displaying two functional protein domains.
Polyhydroxyalkanoates (PHAs) are biopolyesters synthesized by many bacteria and some archaea in times of unbalanced nutrient availability (7, (14) (15) (16) 22) . These polyesters are stored as water-insoluble inclusions inside the cells and serve as energy and carbon storage (11, 29, 30) . PHA synthases catalyze the stereoselective conversion of (R)-3-hydroxyacylcoenzyme A (CoA) to PHAs while CoA is released and intracellular PHA granules are formed (32) . The PHA synthase remains covalently attached to the PHA granule surface and has been targeted by protein engineering, i.e., translational fusion to the dispensable and variable N terminus, to enable the display of various protein functions without affecting the synthase activity (8, 26) . PHA granules displaying certain functionalities have been considered as biobeads for biotechnological and medical applications (11) .
PHA synthases can be divided into four classes. Class I and class II enzymes consist of only one subunit (PhaC) (28) and produce short-chain-length PHAs (class I) or medium-chainlength PHAs (class II), respectively (30, 33) . Polyester synthases belonging to class III consist of two subunits, PhaC and PhaE, and produce short-chain-length PHAs (20, 21) . Class IV PHA synthases are similar to enzymes belonging to class III. The synthases of this class comprise the two subunits PhaC and PhaR (23, 24) .
It was previously shown that the N terminus of PhaC is a highly variable region and not essential for PHA synthase activity (30, 35) . In contrast, the C terminus is a rather conserved region among class I and class II PHA synthases and is essential for enzyme activity (31) . Alignments of the amino acid sequences of different PHA synthases revealed that the C terminus of these enzymes is hydrophobic and was therefore suggested to interact with the hydrophobic core of PHA granules (30) . The PhaC subunits of class III and class IV PHA synthases do not show a high hydrophobicity for their Cterminal regions. Previous studies showed that the PhaC subunit of the class IV PHA synthase from Bacillus megaterium tolerates fusions to its C terminus without a loss in activity as long as the hydrophobic second subunit, PhaR, is present as well (23) .
The aim of this study was to assess the effect of the conserved hydrophobic C terminus of PhaC on enzyme activity with regard to the possibility of translationally fusing protein functions for display at the PHA granule surface. This will be of interest for the display of proteins that require their free C terminus for activity.
MATERIALS AND METHODS
Bacterial strains, plasmids, and oligonucleotides. Bacterial strains, plasmids, and oligonucleotides used in this study are listed in Table 1 . Escherichia coli XL1 Blue cultures were grown at 37°C, and E. coli BL21(DE3) cultures were grown at 25°C. The following antibiotics were added: ampicillin at 75 g/ml, tetracycline at 12.5 g/ml, and chloramphenicol 50 g/ml.
Construction of plasmids encoding C-terminal synthase fusions. General cloning procedures and isolation of DNA were performed as described elsewhere previously (34) . Deoxynucleoside triphosphate, T4 DNA ligase, and Pfx polymerase were purchased from Invitrogen; primers were purchased from Sigma-Aldrich (St. Louis, MO). DNA sequences of new plasmid constructs were confirmed by DNA sequencing according to the chain termination method using an automatic sequencer (3730 DNA analyzer; Applied Biosystems).
The nucleic acid sequence of phaC was PCR amplified using oligonucleotides PhaC XbaI and PhaC no stop and plasmid pCWE as the template. The sequence of MalE was amplified from vector pMAL-c2G by using the oligonucleotides MalE XhoI and MalE BamHI. The green fluorescent protein (GFP) sequence was amplified from plasmid pCWE Spe GFP using the oligonucleotides GFP no start XhoI and GFP stop BamHI. To obtain the sequences of the complete fusion proteins, all respective fragments were ligated step by step into the respective restriction enzyme sites of vector pET-14b. The two linker sequences were encoded in the respective forward and reverse primers and used for direct primer-dimer ligation (VLAVIDKRGGGGG [linker] and SGGGSGGGSG GGGS [SG-linker] ). Hence, plasmids pET-14b PhaC-linker-MalE, pET-14b PhaC-linker-SG-linker-MalE, pET-14b PhaC-linker-GFP, and pET-14b PhaClinker-SG-linker-GFP were obtained. To construct a direct linker-free fusion, the 3Ј part of phaC was amplified by PCR using oligonucleotides AscI PhaC and XhoI PhaC no stop. The respective fragment was exchanged to create plasmids pET-14b PhaC-MalE and pET-14b PhaC-GFP. In order to further expose the MalE protein, a nonfunctional N-terminal extension to PhaC was obtained. The sequence of this M extension was amplified from plasmid pMAL-Mpl-EC (gift from Peilin Xu), and plasmid pCWE Spe Mpl-EC was obtained. Further subcloning led to plasmids pET-14b M-PhaC-MalE, pET-14b M-PhaC-linker-MalE, and pET-14b M-PhaC. Plasmid pET-14b ZZ-PhaC-GFP codes for the double-functionalized synthase. The ZZ fragment was subcloned from plasmid pET-14b ZZ(Ϫ)phaC and inserted into the respectively prepared plasmid pET-14b PhaC-GFP. All plasmids and oligonucleotides are listed in Table 1 . The respective plasmids were used to transform competent E. coli BL21(DE3) cells harboring plasmid pMCS69. Plasmid pMCS69 carries the ␤-ketothiolase (phaA) and the acetoacetyl-CoA reductase (phaB) genes, which are required for the formation of the precursor R-3-hydroxybutyryl-CoA, the substrate of the polyester synthase (1). PHB granule isolation, polyester, and protein analysis. Polyhydroxybutyrate (PHB) granule isolation was carried out as described previously (18) , and polyester production was confirmed by gas chromatography (GC)/mass spectrometry (MS) (7) . PHB granule protein profiles were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) as described elsewhere previously (19) . The gels were stained with Coomassie brilliant blue G250.
MALDI-TOF MS. The bead proteins were separated by SDS-PAGE, and protein bands of interest were cut off the gel. Proteins were subjected to matrixassisted laser desorption ionization-time of flight (MALDI-TOF) MS. Identification of tryptic peptides was performed by collision-induced dissociation tandem MS and enabled the identification of fusion proteins.
Microscopy. Solutions of cells containing PHB granules and isolated granules were examined for GFP fluorescence as described previously (25) .
ELISA. Enzyme-linked immunosorbent assays (ELISAs) were normalized according to the protein concentration, which was determined by the Bradford method (6). The wells of microtiter plates were coated with 100 l of a granule suspension and incubated overnight at 4°C. After blocking with 3% (wt/vol) bovine serum albumin, each well was washed with phosphate-buffered saline containing 0.05% Tween 20. The wells were then incubated with mouse monoclonal antibody to maltose binding protein (horseradish peroxidase) conjugate (Abcam, Cambridge, United Kingdom) for 1 h. After extensive washing, 100 l of an o-phenylenediamine substrate solution was added to each well, and after 15 min, the reaction was stopped by adding 100 l of 1 N H 2 SO 4 to the mixture. Substrate conversion was measured at 490 nm using a microtiter plate reader (Biotek ELX808; Biostrategy, Auckland, New Zealand). The immunoglobulin G (IgG) binding ability was determined as described previously (18) .
Maltose binding assay. PHB granule suspensions were normalized to the protein concentration. Protein (2 mg/ml) was incubated with 0.6 mg/ml maltose for 4 h at 25°C in small shaking Erlenmeyer flasks. The assay solution was centrifuged, and the maltose concentration of the supernatant was determined using a colorimetric assay from Sigma (A3403).
RESULTS
The specifically designed linker is required to allow translational fusions to the C terminus of the PHA synthase. E. coli BL21(DE3) cells harboring plasmids pMCS69 and pET-14b PhaC-MalE were not able to produce detectable amounts of PHB. However, cells containing plasmids pMCS69 and pET14b PhaC-linker-MalE produced PHB, as confirmed by GC/MS analysis. The linker sequence was designed to maintain the hydrophobic environment close to the carboxy terminus of the synthase. Hydrophobic amino acid residues are followed by charged amino acid residues (VLAVIDKRGG GGG) to facilitate the proper surface display of the fusion partner. Isolated PHB granules displayed the fusion protein, as shown by SDS-PAGE analysis and ELISA. Despite the detection of MalE by ELISA, no maltose binding could be shown using the maltose binding assay. Hence, the linker region between PhaC and MalE was further extended, and plasmid pET-14b PhaC-linker-SG-linker-MalE, encoding the fusion protein, was constructed. The second linker sequence was inserted behind the original linker and consisted of a repeated serine-glycine motive (SGGGSGGGSGGGGS), which was already previously successfully employed as a linker between PhaC and a fusion partner (12) . This plasmid also mediated PHB granule formation in recombinant E. coli (pMCS69), and the PHB granules displayed the fusion protein (see Fig. S1 in the supplemental material). However, the activity of the fusion partner MalE could not be confirmed.
An N-terminal extension of the PHA synthase restores its activity when directly fused to MalE. A 458-amino-acid-long nonfunctional extension, designated M, of the N terminus of the synthase protein restored PHB granule-forming activity even when the C terminus of the synthase was directly fused to MalE. Cells harboring plasmid pET-14b M-PhaC-MalE produced detectable amounts of PHB in recombinant E. coli (pMCS69). The respective fusion protein was attached to the PHB granules (see Fig. S1 in the supplemental material) (ELISA data not shown) and identified by MALDI-TOF MS analysis (data not shown). Although PhaC was active, the activity of the fusion partner MalE could not be demonstrated with the maltose binding assay. A slightly modified hybrid gene encoding a fusion protein with the N-terminal extension and the linker sequence between PhaC and MalE mediated the functionality of both fusion partners. Cells harboring plasmids pMCS69 and pET-14b M-PhaC-linker-MalE produced PHB granules, as verified by GC/MS analysis. The fusion protein was identified by MALDI-TOF MS (see Table ST1 in the supplemental material), and the isolated PHB granules displayed the fusion protein, as demonstrated by anti-MalE ELISA ( Fig. 1; see Fig. S1 in the supplemental material). The maltose binding activity of the MalE protein was demonstrated using the maltose binding assay. These beads reduced the maltose concentration by up to 20%; control beads included in the experiment did not show any binding.
The activity of the entire fusion protein is dependent on the C-terminal fusion partner. In order to assess whether the fusion protein data described above can be applied to various fusion partners, GFP was chosen as an alternative C-terminal fusion partner. Recombinant E. coli (pMCS69) harboring plasmid pET-14b PhaC-linker-GFP did not produce PHB, but cells showed nonlocalized green fluorescence, as observed by fluorescence microscopy (data not shown). Extending the linker region between both proteins resulted in detectable synthase and GFP activities. Recombinant E. coli (pMCS69) cells harboring plasmid pET-14b PhaC-linker-SG-linker-GFP were able to synthesize PHB granules, which displayed the fusion protein (see Fig. S2 in the supplemental material). Green fluorescence of the isolated PHB beads as well as of cells containing granules displaying the fusion protein could be observed (data not shown). The fusion protein was identified by MALDI-TOF MS (see Table ST1 in the supplemental material).
To assess whether a linker would be required for the functionality of both fusion partners, a direct fusion of the reporter protein GFP to the C terminus of the PHA synthase was constructed. This enabled the production of the fusion protein, which was identified by MALDI-TOF MS (see Table ST1 in the supplemental material). Recombinant E. coli (pMCS69) harboring plasmid pET-14b PhaC-GFP produced PHB granules, as confirmed by GC/MS analysis. SDS-PAGE analysis (see Fig. S2 in the supplemental material) and fluorescence microscopy confirmed the display and functionality of the respective fusion protein at the granule surface (data not shown).
Translational fusions to the N and C termini of the PHA synthase mediate the simultaneous display of two protein functions at the bead surface. After the successful engineering of the synthase C terminus for the display of one protein function, the possibility of the simultaneous display of two protein functions by generating one tripartite fusion protein was assessed. Therefore, plasmid pET-14b ZZ-PhaC-GFP was constructed, and recombinant E. coli BL21(pMCS69) cells har- VOL. 75, 2009 C-TERMINAL SYNTHASE FUSIONS 5463 boring this plasmid were able to produce PHB beads, as verified by GC/MS. The fusion protein comprising the IgG binding domain ZZ, the PHA synthase PhaC, and the GFP protein was displayed at the polyester bead surface (see Fig. S3 and Table  ST1 in the supplemental material). These multifunctional PHB beads showed green fluorescence (data not shown) and were also able to bind IgG, as shown by ELISA (Fig. 2) .
DISCUSSION
This study provided insights into a new mode of functional display at the PHA granule surface, employing the C terminus of the class I PHA synthase as a fusion target. The nature of the protein translationally fused to the C terminus of PhaC affects the activities of both fusion partners. Maintaining the hydrophobic environment around the C terminus of the synthase was found to be required to retain activity (30, 31) . In contrast to N-terminal fusions, some C-terminal fusions were inactivating the PHA synthase (Fig. 3) . MalE directly fused to the synthase C terminus led to inactivation, while a direct fusion of GFP to the C terminus of PhaC led to PHB granule formation and the display of the functional fusion partner. A hydrophobicity analysis of the N-terminal regions of MalE and GFP showed that GFP comprises an extended hydrophobic region similar to the designed linker region (5, 10), whereas the N-terminal region of MalE was found to be hydrophilic. This suggested that the hydrophobic N terminus of GFP, when directly fused to PhaC, does not interfere with the proposed anchor function of the hydrophobic C terminus of the PHA synthase. However, MalE was shown to be compatible with various proteins when translationally fused to the N and C termini of the respective proteins (13) . Intriguingly, the insertion of the designed linker between PhaC and GFP inactivated PhaC, whereas a further extension of the linker by an additional SG linker did not interfere with PHA synthase activity. These data implied that the N terminus of GFP inherently provides the hydrophobic environment needed by the synthase protein to remain active and that the linker length inserted between PhaC and GFP is critical for PHA synthase activity. Previously, the immobilization of proteins which needed a free carboxy terminus for activity on the surface of PHA granules was possible only when fused to the granule-associated structural protein PhaP (2) (3) (4) . In contrast to the phasin proteins, the PHA synthase, which is the only essential protein for granule formation, is covalently attached to the polyester granule surface. Therefore, utilizing the PhaC protein to fuse proteins of interest either N or C terminally would allow a variety of proteins to be displayed on the PHA granule surface. In addition, simultaneous fusions to the N and C termini, as shown with the tripartite fusion protein ZZ-PhaC-GFP, enable the display of two functionalities without the need for any additional protein anchor. FIG. 3 . Schematic overview of hybrid genes used in this study. PHB production was assessed by GC/MS analysis. The activity of the fusion partner was assessed by either fluorescence microscopy for GFP or maltose binding for MalE. The surface display of the fusion partner MalE was assessed by ELISA. An asterisk indicates that the IgG binding activity as well as the surface display of ZZ were assessed by ELISA. N/A, not applicable due to the inactivity of the fusion partner.
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